Nonobese diabetic (NOD) mice develop spontaneous autoimmune Type 1 diabetes (T1D) that results from the destruction of insulin secreting cells by diabetogenic T cells. The activation of autoreactive T cells occurs in the pancreatic lymph nodes (PLN) from where effector T cells migrate to the pancreas. This study was designed to explore whether T cell populations in the NOD PLN expand in a predictable and reproducible way during disease progression. Complementary determining region (CDR) 3 length spectratype analysis of 19 TCR V families was used to identify the relative frequency of T populations in PLN of 4 and 10 week old NOD mice and mice at T1D onset. Significant and highly reproducible changes in specific T cell populations were detected in 14 of V families tested at all stages of disease. However, of these, the CDR3 spectratype of only four V families was significantly more perturbed at T1D onset than in 10 week old mice. Intriguingly, when diabetes was induced in 10 week old mice with cyclophosphamide (CYP) the same four V families, V 5.1, V 9, V 10, and V 15, were again significantly more perturbed than in the untreated non-diabetic age matched mice. Taken together the data show that while T cell responses in PLN of NOD mice are heterogeneous, they are ordered and consistent throughout disease development. The finding that within this heterogeneous response four V families are significantly more perturbed in diabetic mice, whether spontaneous or induced, strongly suggests their selection as part of the disease process.
Introduction
Type 1 diabetes (T1D) in both humans and NOD mice is the result of a slowly progressing destruction of the insulin-producing cells within pancreatic islets by auto-reactive T cells (Anderson and Bluestone, 2005; Tisch and McDevitt, 1996; Large et al., 1995; Makino et al., 1980) . Pancreatic lymph nodes (PLN) contain APC that present -cell antigens which migrate from islets into the draining PLN (Höglund et al., 1999; Sarukhan et al., 1999) . There, auto-reactive T cells are primed as early as 2 weeks of age (Turley et al., 2003; Gagnerault et al., 2002; Höglund et al., 1999; Fabien et al., 1995) . However, changes in the T cell repertoire in the PLN during the disease process have not been closely examined. In this study, we compared the PLN TCR repertoire between early and late stages of disease to determine whether T cell populations expand randomly in the periphery, or if there is an ordered sequence of events in which the same T cell populations expand in PLN of all, or the majority of NOD mice during disease development.
T cell specificity is determined by the variable (V and V ) and constant (C and C ) regions of the TCR. Both the V and the V chains are encoded by variable (V) and junctional (J) gene segments, and the V chain has additional diversity (D) gene segments. The diverse TCR repertoire is generated by random association of V-D-J segments during somatic gene rearrangement. Junctional diversity created by nucleotide deletions and insertions at the V-J and D-J junction results in CDR3s of different lengths and with different sequences (Davis and Bjorkman, 1988; Tonegawa, 1983) . Since the CDR3 region interacts most closely with peptide-MHC molecules the heterogeneity of the CDR3 correlates with T cell diversity. Therefore, CDR3 length spectratyping can identify changes in T cell diversity by determining the relative frequency of T cell populations based on their CDR3 length distribution (Nikolich-Zugich et al., 2004; Ria et al., 2001; Pannetier et al., 1995; Cibotti et al., 1994; Pannetier et al., 1993 , Cochet et al., 1992 . In the unprimed animal the CDR3 length distribution is Gaussian-like, usually composed of T cell populations with 8-10 different CDR3 lengths (Kronenberg et al, 1986) . In contrast, antigenprimed animals exhibit clonal expansion that can be identified by an increase in relative frequency of T cells with one CDR3 length and perturbation away from the Gaussian distribution.
Several analyses of the TCR repertoire of pancreatic T cells have shown a restricted TCR repertoire in islet infiltrates from young NOD mice, with biased usage of particular TCR V regions and/or conserved amino acid sequences of the TCR CDR3 (Baker et al., 2002; Yang et al., 1996; Galley and Danska, 1995; Sarukhan et al., 1994a; Drexler et al., 1993; Maeda et al., 1991) . However, in islet infiltrates of older mice such biased TCR V usage remains inconclusive with some reports showing V restriction and others showing no restriction (Simone et al., 1997; Galley and Danska, 1995; Sarukhan et al., 1994a; Berschick et al., 1993; Drexler et al., 1993; Koide et al., 1993; Waters et al., 1992; Candéias et al., 1991; Maeda et al., 1991; Nakano et al., 1991) . The data to date suggest that the TCR repertoire in the islet of older NOD mice and in the lymph node of mice at any age is heterogeneous (Baker et al., 2002; Yang et al., 1996; Galley and Danska, 1995; Drexler et al., 1993; Nakano et al., 1991) . Consistent with data from other investigators we have shown that significant perturbations of the TCR V repertoire occur in PLN before 4 weeks of age (Petrovic et al., 2008) . In an attempt to identify disease related responses in the PLN, in this study we ask whether within a heterogeneous T cell population there are consistent differences in the TCR repertoire in PLN of pre-diabetic mice and mice at TID onset.
Treatment with Cyclophosphamide (CYP) is a well-established method used to accelerate diabetes onset in NOD mice (Bai et al., 2006; Harada and Makino, 1984) . Different mechanisms are involved in this effect, including depletion of CD4 + CD25 + Foxp3 + regulatory cells (Tregs) (Brode et al., 2006) . CYP was used in this study to determine whether differences in the TCR repertoire between 10 week old mice and mice with T1D are associated with age or disease. We show that within a heterogeneous response, T cells in a limited number of V families expand in PLN in both spontaneously diabetic mice and in CYP-induced diabetes compared to their respective non-diabetic controls. These data strongly suggest that diabetes-associated T cell responses are selected in the PLN, controlled by Tregs, and then expand when Treg function is overcome at the onset of disease. Our data suggest that a better understanding of the T cell response in PLN might identify T cell populations that cause T1D.
Materials and Methods

Mice
Female NOD/ShiLtJ (NOD) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained in a specific pathogen-free animal facility at the Torrey Pines Institute for Molecular Studies (San Diego, CA). Mice were used between 4 and 20 weeks of age. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) and were performed in accordance with institutional guidelines for animal care.
Diabetes onset
Mice were monitored for diabetes twice a week by measuring urine glucose using Chemstrip uGK Urine Test Strips (Roche Diagnostics, Indianapolis, IN). After a positive urine test, hyperglycemia was verified by measuring blood glucose levels using Accu-Check Compact Plus (Roche Diagnostics). Mice with glucose levels >250 mg/dl were tested the next day and were considered diabetic if the second reading was also >250 mg/dl. Diabetes onset in diabetic NOD mice included in this study ranged from 12 weeks to 17 weeks of age with a mean at 15 weeks of age. In this group, PLN were isolated the same day that the mice were considered diabetic.
Cell preparation
Single cell suspensions of PLN and thymus were prepared in RPMI 1640 (GIBCO, Invitrogen, San Diego, CA) using 70 m nylon mesh cell strainer (BD Biosciences). After one wash cell viability was determined by trypan blue exclusion
Cyclophosphamide (CYP) treatment
CYP (Sigma, St Louis, Mo) was prepared in 0.9% normal saline at 1 mg/ml immediately before administration. Female NOD mice (8 weeks of age) were injected intraperitoneally twice at a 1-week interval at a dose of 200 mg/Kg. Mice were monitored for diabetes biweekly as described above. In our colony all CYP-treated mice become diabetic one week after the second CYP dose.
Extraction of RNA and cDNA synthesis
Total RNA was extracted from single cell suspensions of either PLN or thymus of individual mice using the RNeasy Mini Kit (Qiagen, Valencia, CA). The cDNA was synthesized from total RNA (1 to 2 g) using 0.5 g Oligo(dT) [12] [13] [14] [15] [16] [17] [18] , 200 units SuperScript II RT (Invitrogen, San Diego, CA), 10 mM of each dNTP, in a total volume of 20 l. The cDNA was stored at −80°C before used as the template for PCR amplification.
Measurement of TCR Vβ usage and CDR3 length
CDR3 length spectratype analysis was performed using modifications of the protocol described by Pannetier el al. (1993) . Primer sequences for mouse V and C segments were synthesized at Operon Technologies (Alameda, CA). The first-round PCR amplification reactions for each of the 19 V gene families tested were carried out with 1 l of cDNA in 25 l reaction mixtures containing 1 M of each forward V -specific primer (Pannetier et al., 1993) , 0.5 M of the reverse C 145 primer (CACTGATGTTCTGTGTGACA), 1X PCR buffer II (Applied Biosystems, Foster City, CA), 1.5 mM MgCl 2 (Applied Biosystems), 0.25 mM dNTP mixture (Applied Biosystems), and 0.75 U of AmpliTaq DNA Polymerase (Applied Biosystems) at 94°C for 5 min, one cycle; then 94°C for 45 s, 60°C for 45 s, 72°C for 45 s, 39 cycles, and a final elongation step at 72°C for 10 min. Two microliters of the PCR products were used as templates for second-round PCR amplification in 25 l of reaction using 1 M of fluorescent-conjugated (6-FAM) C 5 primer (Pannetier et al., 1993) , 1X PCR buffer II, 3.25 mM MgCl 2 , 0.2 mM dNTP mixture and 0.5 U of Taq DNA polymerase (New England BioLabs, Ipswich, MA) at 94°C for 30 sec, one cycle; then 94°C for 45 s, 55°C for 45 s, 72°C for 1 min, 15 cycles, and a final elongation step at 72°C for 5 min. All PCR reactions were performed on a 96-well GeneAmp PCR System 9700 (Applied Biosystems). The mixture containing 2 l fluorescent PCR products was denatured in deionized formamide with a GeneScan 400 HD [ROX] size standard (Applied Biosystems) at 94°C for 2 min, and cooled on ice for 5 min. Fragment analysis of the denatured products was performed using ABI PRISM 3100 Genetic Analyzer. The data were analyzed by GeneMapper Software V4.0 (Applied Biosystems) to obtain the CDR3 spectratype profile for each V family in individual mice.
Identification of T cell populations that have expanded in PLN using CDR3 length and Vβ usage
The CDR3 spectratype profile is seen as a series of peaks where each peak corresponds to a given CDR3 length. Each peak may contain multiple CDR3 sequences representing different T cell clones. The area underneath a single peak is proportional to the number of T cells that share that particular CDR3 length within a given V -C pairing. Thus, when expressed as a percentage of the total area under all peaks in the spectratype, the area of a single peak can be used to determine the contribution of T cells with that particular CDR3 length to the profile. Since the TCR repertoire in the thymus is relatively unaffected by peripheral antigen we expect that maximum diversity, indicated by a Gaussian distribution in the CDR3 spectratype, will be seen in thymus. Therefore, we compared the percentage of total area of each peak in PLN with that in thymus from 8 week old female NOD mice to determine the expansion of T cells within a V family in PLN. PLN T cell populations within a CDR3 spectratype are considered significantly expanded if the area of any peak within that spectratype exceeds 3 SDs above the mean of the corresponding peak for the thymus (Ahmed et al., 2009; Scott Killian et al., 2002 ). An example of data analyzed using this method is shown for the TCR V 12 CDR3 spectratype in PLN and thymus in Fig. 1 . The bars represent T cell populations in the thymus with CDR3 lengths of 4-11 amino acids (x axis). The relative peak area (%) is the contribution of each T cell population with a given CDR3 length to the total T cell population expressing V 12 (y axis). The bars show the mean and 3SD of the relative peak area for thymus from 5 mice. Each symbol (x) represents the relative peak area of each T cell population identified by CDR3 length in PLN of individual mice (n=11). Of note, three peaks corresponding to T cell populations with CDR3 lengths of 5, 6, and 7 amino acids were significantly greater in PLN compared to thymus. In summary, this method identifies T cell populations by their TCR V usage and CDR3 length. The contribution of each T cell population to the PLN is compared to the contribution of the same total T cell population in the thymus. A significant increase in the contribution of any T cell population in the PLN compared to thymus indicates an expansion in that T cell population.
Statistical Analysis
Spectratype data from PLN of NOD mice at 4 and 10 weeks of age and at T1D onset were compared to thymus using one-way analysis of variance (ANOVA), followed by either Dunnett's or Bonferroni's multiple comparison tests. Comparisons of total perturbation and global perturbation indexes between groups were performed using the unpaired t test. The strategy for calculating the total and gobal perturbation indexes are shown in Supplementary  Fig. 1 . Statistical significance is represented as *=p<0.05, **= p<0.01, and ***=p< 0.001. Significance was determined using the data presented in each figure. 
Results
The majority of 4 week old NOD mice display the same altered TCR Vβ repertoire in pancreatic lymph nodes
To identify T cell populations that are naturally expanded in young pre-diabetic NOD mice the TCR repertoire of PLN T cells of 4 week old mice was compared to that of thymus using TCR V and CDR3 length analysis as described in the Materials and Methods. As expected the thymus CDR3 spectratypes are Gaussian-like indicating a diverse repertoire (Fig. 2) . These data are consistent with a previous report on TCR repertoire diversity in the thymus of NOD mice (Sarukhan et al., 1994b) . Although the spectratype of each V family in PLN displayed a Gaussian-like distribution, we found that 23 CDR3 peaks within 14 V families are significantly larger in PLN compared to thymus. Moreover, these T cell populations were present in at least 80% of mice tested suggesting dominant responses. Thus, V 1, V 4, V 5.1, V 5.2, V 8.2, V 8.3, V 14, V 15 and V 16 are significantly different at a single peak, and V 2, V 3.1, V 6, V 11 and V 12 are significantly different at two or more peaks (Fig. 2 ). In the V 2 and V 12 families the dominant central peak is different in PLN and thymus. Thus, for V 2 the dominant central peak has a CDR3 length of 7 amino acids in the thymus but 6 amino acids in the PLNs. Likewise, for V 12 the dominant peak has a CDR3 length of 8 amino acids in the thymus but 7 amino acids in PLN ( Supplementary Fig. 2 ). No significant differences are found between thymus and PLN in V 7, V 8.1, V 9, V 10 and V 13. The spectratypes of thymus and PLN for all V families, including those that are not significantly different between PLN and thymus, are shown in Supplementary Fig. 3. 
A limited number of T cell populations that expand by 4 weeks of age contract and expand as disease progresses
To investigate whether the T cell populations that expand in PLN by 4 weeks of age continue to expand as disease progresses, CDR3 spectratype analysis was performed on PLN of female NOD mice at 10 weeks of age and at diabetes onset and compared to thymus. The data in Table 1 show that all of the T cell populations (CDR3 peaks) that expand at 4 weeks of age, except for V 1 and V 5.1, also expand at 10 weeks and T1D onset compared to thymus. When comparing T cell populations (identified by V usage and CDR3 length) in PLN at 4 and 10 weeks of age and at T1D onset we found that within the V 1 family a T cell population corresponding to a CDR3 length of 7 amino acids is significantly reduced at 10 weeks of age compared to 4 week old mice. This population decreases from 5.1 % of the spectratype at 4 weeks of age to 4.4% at 10 weeks of age in 13 out of 16 mice (81%). Within the V 15 family, a T cell population with a CDR3 length of 7 amino acids is reduced from 29.3% of the spectratype at 4 weeks of age to 27.7% at 10 weeks of age, but recovers at T1D onset (29.3%) when compared to 10 weeks of age. The reduction at 10 weeks of age and expansion at T1D onset of this T cell population was observed in 100% of mice. In addition, T cell populations within the V 2 and V 4 families are significantly reduced at T1D onset compared to 4 weeks of age and the reduction was found in 90% and 100% of mice, respectively. T cell populations within the V 3.1 and V 5.1 families also increased at T1D onset compared to 10 weeks of age although this increase did not quite reach significance.
The TCR repertoire is more diverse at 10 weeks of age than at 4 weeks of age
To quantify the contribution that all peaks make to the TCR V repertoire, the difference between the area of all CDR3 spectratype peaks for each V family in PLN and that of the thymus was calculated for all V family. The sum of the differences for individual V families is called the total perturbation index, and the global perturbation index is the mean of the total perturbation index for all 19 V families tested for each mouse (Gorochov et al., 1998) . The strategy to calculate both total and global perturbation is described in Supplementary Fig. 1 . It is important to note that the global perturbation index takes into account differences in all peaks in the CDR3 spectratype and is calculated for all 19 V families tested. As such, the global perturbation index includes the contribution of changes in all peaks in all V families tested to the total response. This is different from the strategy used to analyze data in Fig. 2 that shows individual peaks that are significantly different in PLN and thymus. In the latter, the strategy analyses the contribution of single peaks to the total response. A significant decrease in global perturbation index was detected at 10 weeks of age (8.9±0.9) compared to 4 week old mice (10.0±0.6) (p= 0.0021). Furthermore, the global perturbation index at 10 weeks of age was significantly less than at T1D onset (11.4±2.5; p< 0.0001) (Fig. 3) . These results indicate higher TCR repertoire diversity at 10 weeks of age suggesting that significant changes in the TCR repertoire occur between 4 and 10 weeks of age and then again between 10 weeks of age and T1D onset.
3.4. The reduction in global perturbation index between 4 and 10 weeks of age is not reflected by a reduction in total perturbation index of individual Vβ families.
To determine which V families contribute to the decrease in the global perturbation at 10 weeks of age, we calculated the total perturbation index for each of the 19 V families tested in PLN at 4 weeks and 10 weeks of age and at T1D onset. Our data show that the total perturbation index is only significantly reduced at 10 weeks of age (10.2±1.8) (p= 0.0006) compared to 4 weeks (12.8±1.6) in the V 4 family (Fig. 4A) . In contrast, V 8.2 and V 8.3 show a significant increase in total perturbation index at 10 weeks of age: 5.4±1.3 (p= 0.0017) for V 8.2 and 6.2±1.4 (p=0.0122) for V 8.3 compared to 7.1±1.2 and 7.6±1.2 at 4 weeks of age for V 8.2 and V 8.3, respectively (Fig. 4B) . A significant increase in total perturbation index was also detected for V 8.2 (6.9±0.9) (p=0.0020) and V 8.3 (7.7±1.4) (p= 0.0433) in PLN at T1D onset compared to 4 weeks of age (Fig. 4B) . Moreover, a similar increase in total perturbation index was detected in V 5.1, V 9, V 10, and V 15 at T1D onset compared to 10 weeks of age (Fig. 4C) . The total perturbation index of the remaining 12 V families did not vary between time points (Fig. 4D) . The total perturbation index for most V families at 10 weeks of age was below 10% indicating a highly diverse TCR repertoire. However, the total perturbation index for V 2, V 3.1, V 11 and V 12, four of the families that did not significantly change over time, was consistently greater than 15% suggesting a continuous selection of these families within the TCR repertoire at all time points. Overall, these data might suggest that either V 4 is a major contributor to the reduced global perturbation seen at 10 weeks of age compared to 4 weeks, or that many small changes contribute to the global perturbation.
Cyclophosphamide (CYP) accelerates changes that naturally occur between 10 weeks of age and T1D onset
To determine whether the increase in total perturbation index seen at T1D onset in V 5.1, V 9, V 10, and V 15 is associated with disease or age of the mouse, we used CYP treatment to accelerate diabetes onset in NOD mice. Specifically, 8 week old NOD mice were treated with CYP and monitored twice a week for diabetes. Two weeks later, when all treated mice were diabetic, the TCR V repertoire in PLN was analyzed. CYP treatment resulted in a significant increase in the perturbation index of V 5.1, V 9, V 10, and V 15 compared to untreated age matched mice (Fig. 5A) . We predicted that the V 4 family might be susceptible to CYP treatment since this was the only family that showed a decrease in total perturbation index between 4 and 10 weeks of age. Surprisingly, the total perturbation index for V 4 was not different after CYP treatment (data not shown) suggesting that TCR diversity in V 4 at 10 weeks of age might not be due to regulation. Interestingly, five V families, V 1, V 2, V 7, V 8.1, and V 12 that showed no change in total perturbation at any time point in untreated mice were significantly more perturbed after CYP treatment (Fig. 5B) suggesting that clones within these V families may normally be controlled by Tregs.
The effect of CYP treatment on the global perturbation index of PLN from 10 week old CYP-treated mice was determined by comparing to untreated age matched mice. A significant increase in global perturbation index was detected in PLN T cells of CYP treated NOD mice (13.2±2.2) compared to untreated mice (8.9±0.9, p<0.0001) (Fig. 5C) . Furthermore, the global perturbation index in CYP-treated 10 week old mice was also significantly greater than in untreated mice at 4 weeks of age (10.0±0.6; p= 0.0002).
Discussion
Studies by others have shown limited TCR usage in the islets of NOD mice between 2 and 4 weeks of age with a more heterogeneous T cell contribution in the islets of older NOD mice. Thus, preferential usage of V 1 and V 12 for CD4 + T cells with a CDR3 length restricted to 9 amino acids for 50% of V 1 sequences and to 8 amino acids for 67% of V 12 sequences is seen in islets of 14 to 18 day old female NOD mice (Baker et al., 2002) . Consistent with these data Drexler et al. (1993) also showed prevalence of V 1 transcripts in islets of 4 week old NOD mice with 39% and 35% of sequences having a CDR3 length of 9 and 10 amino acids respectively. In addition, limited V diversity was detected in the CDR3 of V 3 and V 7 clones isolated from islets of 28 to 30-day-old NOD mice (Galley and Danska, 1995) , and Yang et al. (1996) described a predominance of V 8.2 T cells in islet isolated from 14-day-old female NOD mice. In contrast, T cell cloning studies have reported heterogeneous usage of TCR V gene products by islet-infiltrating T cells from 7 to 11 week old NOD mice (Nakano et al., 1991) . These data suggest that the TCR repertoire of islet infiltrating cells becomes more diverse with age and/or with disease progression. In contrast to findings in the islets, heterogeneous expression of V families have been described for lymph node cells of NOD mice (Petrovic et al., 2008; Yang et al., 1996; Galley and Danska, 1995; Drexler et al., 1993) . Moreover, islet-specific T cell clones isolated from spleen and LN from 3 to 5 month old NOD mice were highly heterogeneous (Candéias et al., 1991) . Overall, these data implicate a limited number of V families in the T cell response within the islets of young mice that is more heterogeneous in islets of older mice and in LN cells. Our data show that within an ordered but heterogeneous T cell response in PLN a limited number of V families expand in both spontaneously diabetic mice and in CYP-induced diabetes suggesting that diabetes-associated T cell responses are selected in the PLN.
Limited TCR V usage by islet infiltrating T cells in young NOD mice suggests preferential priming of T cells that express particular TCR V in the PLN, the site for islet antigenspecific T cell priming. Here we show that distinct T cell populations within a diverse group of V families significantly expand in PLN at 4 and 10 weeks of age and at T1D onset indicating heterogeneity at each stage in the disease process. In addition, we show that there is an ordered and predetermined selection of a large number of T cell population identified by their V CDR3 usage in the PLN as early as 4 weeks of age and that these T cell populations are present in greater than 80% of mice tested. The finding that three V families, V 3.1, V 5.1, and V 15, contain T cell populations that decrease at 10 weeks of age compared to 4 weeks of age and then increase again at T1D onset support the notion that a disease-related response in PLN restricted to cell populations in V 3.1, V 5.1, and V 15 families is evident as early as 4 weeks of age, and that these responses decline and then expand again before T1D onset. The significant increase in total perturbation index in V 5.1 and V 15 at T1D onset compared to 10 weeks of age likely reflects the contribution of single T cell populations identified by their CDR3 length for these V families. In contrast, the significant increase in total perturbation in V 9, V 10, V 8.2 and V 8.3 suggests that perturbation of a V family can also be the result of a large number of smaller responses.
The finding that the total perturbation within the V 5.1, V 9, V 10 and V 15 families is significantly greater in CYP-induced diabetes in 10 week old NOD mice compared to age matched untreated mice indicates that these V families are associated with both spontaneous and acute T1D. These data further support the idea that pathogenic T cells within these V families are naturally and efficiently selected in the periphery to contribute to an aggressive autoimmune response. CYP treatment depletes CD4 + CD25 + Foxp3 + Tregs and this contributes to the mechanism of accelerated T1D in CYP treated mice (Brode et al., 2006) . This suggests that diabetogenic T cell responses within these four V families are suppressed at 10 weeks of age by Tregs, and that in order to develop T1D spontaneously this regulation is overcome resulting in disease. Additional data suggest that T cell responses within the V 1, V 2, V 7, V 8.1, and V 12 families are also susceptible to immune regulation since the total perturbation index within these families is also significantly enhanced after CYP treatment. However, since significant differences were not detected between 10 weeks of age and spontaneous T1D onset in these families it is possible that T cell responses within the V 1, V 2, V 7, V 8.1 and V 12 families are naturally under tighter control by Tregs than the T cells within the V 5.1, V 9, V 10 and V 15 families.
We predicted that the V 4 family would be the most susceptible to regulation because perturbation is significantly reduced at 10 weeks of age compared to 4 weeks of age in this family. However, V 4 is not affected by CYP treatment suggesting that T cells expressing V 4 are resistant to Tregs. Interestingly, the BDC2.5 CD4 + T cell clone, which was established from the spleen of diabetic NOD mice (Bergman and Haskins, 1994) , and that is diabetogenic upon adoptive transfer into young NOD or NOD.scid recipients expresses V 4 (Peterson and Haskins, 1996; Haskins and McDuffie, 1990 ). In addition, T cell clones specific for 530-543 of GAD65 that arise spontaneously in islets of NOD mice preferentially utilize V 4 (Quinn et al., 2001) . These data might suggest that the decrease in perturbation in V 4 at 10 weeks of age compared to 4 weeks of age might be the result of export from the periphery to the target (pancreas) tissue.
Our data show that the CDR3 spectratype of V 2 and V 12 in PLN is generally shorter than that it is in thymus with the central peak in PLN having a shorter CDR3 length than the central peak in thymus. This is consistent with data from Yassai et al. (2002) who have demonstrated that in several H2 u and H2 b mouse strains the CDR3 spectratype of peripheral CD4 + T cells is shifted towards a shorter TCR -chain CDR3 length compared to thymocytes. This reduction in CDR3 length has been described as a consequence of positive selection for nTregs in NOD mice (Ferreira et al., 2009) suggesting that either expanded V 2 and V 12 populations are rich in nTregs or that the same strategy is used by nonnTregs when they are exported from the thymus. Extensive analyses of TCR V usage in spleen and thymus of 6 to 8 week old NOD mice have shown that transcripts for V 2, V 12, and V 14 are significantly more abundant in the spleen than thymus in the CD4 + T cell compartment (Sarukhan et al., 1994b) . This is consistent with our data that show a significant expansion within the V 2 and V 12 families, in addition to other V families, in PLN of both 4 and 10 week old NOD mice compared to thymus.
A recent study using TCR CDR3 spectratype analysis revealed a significant decrease in the global perturbation in the PLN and inguinal LN between 10 day old and 22 day old NOD mice indicating that changes in the TCR repertoire take place in the periphery as early as 10 days of age (Petrovic et al., 2008) . In the Petrovic study inguinal LN was used as the putative non-stimulated population. No differences were found between the PLN and inguinal LN suggesting that no specific events occurred in the PLN in NOD mice at this age. However, a significant reduction in perturbation was seen between 10 and 22 days of age. When we compared our data with these published data we found that at 4 weeks of age there is a recovery of the global perturbation index compared to the published data in PLN from 22 day old NOD mice, followed by a significant decrease in global perturbation again between 4 and 10 weeks of age. These data suggest that 22 days and 10 weeks of age might be important time points in the control of the diabetogenic TCR repertoire. Alternatively, it is possible that the value for global perturbation in the previously published study (Petrovic et al., 2008) and the study described here cannot be compared because different reference groups were used for the analysis of the perturbation, thymus in ours and inguinal LN in the published study. Nevertheless, the decrease in global perturbation seen in older compared to younger mice is consistent in the two studies. It is possible that the decrease in global perturbation seen at 10 weeks of age in our study might be a direct consequence of Tregs that attempt to control disease development by suppressing clonal expansion. The increase in TCR diversity seen at 10 weeks of age might also play a role in promoting Tregs since a high TCR diversity in Treg populations is critical for Treg expansion and in vivo suppressive function (Föhse et al., 2011 , Wing et al., 2011 . Consistent with this notion is our finding that treatment of 10 week old NOD mice with CYP, a well-established protocol to deplete Tregs and accelerate diabetes onset (Bai et al., 2006; Harada and Makino, 1984) results in significantly greater perturbation of the TCR V repertoire in PLN that is naturally expanded in mice with diabetes.
Since PLN are an important location for recruitment, priming, and activation of anti-cell autoreactive T cells as early as 3 weeks of age (Gagnerault et al., 2002) , we infer that changes in the PLN T cell repertoires as early as 4 weeks of age might be due to early islet antigen presentation during cell remodeling (Trudeau et al., 2000) . Alternatively, T cell populations that expand by 4 weeks of age might be due to homeostatic expansion that is more efficient for some T cells than others. The expansion of a limited number of T cell populations in PLN at 10 weeks of age and after T1D onset suggest that dominant isletspecific epitopes might play a role in driving their expansion and survival (Correia-Neves et al., 2001) . Since T cells within the V 5.1, V 9, V 10, and V 15 families expand during spontaneous and accelerated T1D we suggest that T cell responses within these families are the strongest candidates for pathogenicity. On the other hand, V 2, V 3.1, V 11 and V 12 are the most perturbed throughout disease progression also suggesting these families as candidates for pathogenic T cell responses. The expansion of dominant T cell populations in the T cell repertoire might be influenced by many factors including precursor frequency of individual TCRs, TCR affinity for the peptide-MHC complex, and availability of specific and cross-reactive epitopes (Li et al., 2008; Venturi et al., 2008) . The presence of dominant T cell populations in the TCR V repertoire in the PLN is consistent with a role for any or all of these factors in the disease process.
The TCR repertoire is estimated to range in size from 10 7 in mice and 10 8 in humans (Casrouge et al., 2000; Arstila et al., 1999) and a major contributor to repertoire diversity is the CDR3 region (Kedzierska et al., 2008; Turner et al., 2006) . Typically, histograms of CDR3 lengths from a diverse T cell population follow a Gaussian distribution and deviations from a Gaussian distribution are seen after antigen stimulation. This deviation can be given a numerical value by calculating the percentage of total perturbation for each V family compared to a non stimulated T cell population, in the case of this study, the thymus. By adding together all the differences in all V families tested, an index of global perturbation can be calculated, reflecting the overall change in the repertoire in an individual mouse. Using this approach, we have identified dominant and conserved changes in the TCR V repertoire of the NOD mouse strain that take place naturally in the PLN as disease progresses. We also show that 10 weeks of age might be an important checkpoint for control of the TCR repertoire by Tregs. It is likely that a combination of CDR3 spectratyping, cytokine analysis, and surface phenotype will be necessary to determine which of these T cell populations play a role in driving or triggering T1D in the NOD mouse. Such identification and fine characterization of dominant T cell populations in the NOD mice might contribute to the development of strategies to attenuate pathogenic T cell activity. In this example, the relative areas of individual CDR3 peaks were calculated as a percentage of the total area under all peaks for V 12. The mean and SD of each relative peak area for V 12 was calculated for thymus (n=5) and the mean ± 3 SD was plotted for each peak (bars). The relative peak area for T cell populations with different CDR3 lengths in individual 4 week old NOD mice (n=11) are plotted as x in the graph. The peaks in PLN that are significantly different from the equivalent peak in thymus are indicated with asterisk above the respective bar: ***, p<0.0001; **, p<0.001 or *, p<0.01 by ANOVA. The x-axis shows the CDR3 length in amino acid and the y-axis shows the relative peak area (%). The V CDR3 spectratype of 19 V families was compared between thymus (n=5) and PLN (n=11) of 4 week old NOD mice. The bars represent the mean ± 3 SD of relative peak area for each CDR3 length in each V family for thymus. The relative peak area for each CDR3 length in each V family for PLN in individual mice is indicated by an x on the same plot. Peaks in PLN that are significantly different from the equivalent peak in thymus in at least 80% of mice tested are indicated with asterisk above the respective bar: ***, p<0.0001; **, p<0.001 or *, p<0.01 by ANOVA. The x-axis shows the CDR3 length in amino acid and the y-axis shows the relative peak area (%). The global perturbation index was calculated for each mouse at 4 weeks of age (n=11), 10 weeks of age (n=20) and at diabetes onset (n=14). Each dot represents an individual mouse. The mean and SD is shown for each group. Statistical differences between groups are calculated using unpaired t test and are shown as *** p<0.0001 or ** p<0.001. The total perturbation index (%) for each V family in each mouse was calculated for 4 (n=11) and 10 week old mice (n=20), and mice at diabetes onset (n=14). The mean and SD is shown for each V family, and each dot represents an individual mouse. V 4 is significantly less perturbed at 10 weeks than at 4 weeks of age (A), while the total perturbation index of V 8.2 and V 8.3 increased during disease progression (B). Other V families are either more perturbed at T1D onset (C) or do not change during disease progression (D). Significant changes between time points was calculated using unpaired t test and are shown as *** p<0.0001; ** p<0.001 or * p<0.01. Eight week old female NOD mice were treated with (n=10) or without (n=20) CYP and monitored for diabetes onset. One week after the last CYP injection when all treated mice were diabetic, PLN were isolated and the CDR3 spectratype for all 19 TCR V families determined for individual mice. (A) Total perturbation index for V families that expand naturally and after CYP treatment between 10 weeks of age and TID onset. (B) Total perturbation index for V families that expand only after CYP treatment. The total perturbation index for each V family was calculated for each mouse. The mean and SD is shown for each V family, and each dot represents an individual mouse. (C) Global perturbation index for treated and untreated mice. The global perturbation index was calculated for each mouse and the mean ± SD is shown. Statistical analysis was performed using unpaired t test and statistical differences between the corresponding groups is shown as *** p<0.0001; ** p<0.001 or * p<0.01. Table 1 T cell populations that expand at 4 and 10 weeks of age and at T1D onset The relative peak areas in shaded boxes are significantly different from the relative peak area of the same peak in thymus using Dunnett's Multiple Comparison test 1
The TCRV repertoire was analyzed by CDR3 length spectratype in PLN T cells from individual NOD mice at 4 weeks of age (n=11), 10 weeks of age (n=18), and at T1D onset (n=14) and the relative peak area for each peak in each V family was calculated. 2 CDR3 length in amino acid 3
Significance by ANOVA compared to thymus (n=5) for all groups 4
Mean of relative peak area ± SD for each peak length for each V
5
Peaks that are significantly reduced at 10 weeks of age compared to 4 weeks of age 6
Peaks that are significantly reduced at T1D onset compared to 4 weeks of age
